Abstract. The seasonal dynamics of plant N assimilation and microbial N immobilization were studied in an alpine ecosystem to evaluate temporal patterns of plant and microbial N partitioning and the potential for plant vs. microbial competition for N. Plant N uptake was higher in the first half of the growing season than later in the season, as indicated by changes in biomass N and by 15 N uptake. Microbial N pools were low during the first half of the growing season (9.5 g N/m 2 on 1 June) and increased late in the season, from 11.4 g N/m 2 on 1 August 1991 to 38.6 g N/m 2 on 14 October 1991. Two different measures of N availability were highest in the midseason. Ion exchange resin bag N uptake was greatest in July (86.0 g N · g Ϫ1 resin · mo
INTRODUCTION
The assimilation of inorganic nitrogen into plant and soil microbial biomass is essential for the maintenance of fertility and productivity in terrestrial ecosystems. Nitrogen is the element most likely to limit productivity in natural ecosystems (Vitousek and Howarth 1991) . There is strong theoretical support for the view that growth of plants and microorganisms is limited by N availability in many ecosystems (Kaye and Hart 1997) . Competition occurs when two organisms are limited by the same resource and utilize the same pools of that resource (Tilman 1982) . In the alpine tundra at Niwot Ridge, Colorado, United States, N is limiting to plant production (Bowman et al. 1993) , and there is evidence that N limits the size of N pools in soil microorganisms (Fisk and Schmidt 1996) . Thus, there is a potential for plant-microbe competition for nitrogen at this site. In short-term studies of plant-microbe N competition, microbes took up a larger proportion of including arctic tundra (Marion et al. 1982, Schimel and Chapin 1996) , temperate forests Matson 1984, Zak et al. 1990) , and annual grasslands .
Our objective in this study was to determine if microbial competition for N was a controlling factor in the timing of plant N uptake at Niwot Ridge. We hypothesized that, in the spring, competition for N by heterotrophic microorganisms would be most intense due to moist soil conditions and high C availability from the previous season's litter. As a result, we expected that plants would use stored N rather than N from the soil to support early-season growth, and that plants would assimilate N from the soil to replenish stores later in the season, when microbial activity was reduced due to depletion of labile C and to the stress of midseason soil drying and re-wetting cycles. We tested the hypothesis by determining: (1) the seasonal pattern of inorganic soil N availability; (2) the timing of plant growth and of plant N assimilation; and (3) the timing of microbial N assimilation.
METHODS
The experimental protocol consisted of concurrent measurements of: (1) soil N availability as indicated by net N mineralization incubations and ion exchange resin bag N adsorption incubations; (2) plant growth and plant N uptake patterns; and (3) microbial biomass N. In addition, plant-microbe partitioning of 15 N added to the soil was measured.
The research was conducted on Niwot Ridge, Colorado, a UNESCO Biosphere Reserve and NSF LongTerm Ecological Research site in the Colorado Front Range (40Њ03Ј N, 105Њ35Ј W). An alpine moist meadow in the Saddle area at 3525 m elevation was chosen for study, because of its intermediate soil moisture levels and its relatively high diversity of plant species (May and Webber 1982) . The soil is a Cryochrept (Burns 1980) , with 123 g/kg C (25% organic matter), a bulk density of 0.42 Mg/m 3 (g/cm 3 ), and a pH of 4.8 in a 1:1 mixture with water (Fisk and Schmidt 1995) . The plant community consists almost entirely of perennial forbs and graminoids and is dominated by the sedge Kobresia myosuroides. All harvests and 15 N experiments were conducted in a 20 ϫ 20 m plot chosen for uniformity in species diversity and cover. The study was not replicated at the plot or site level. The growing season for plants at the site is typically from soil thaw in early June until senescence in August or early September, ϳ105 Ϯ 6 d, mean Ϯ 1 SE (May 1976) . All measurements were from the 1991 season.
Plant nitrogen dynamics.-Seasonal N contents of four plant species, the forbs Acomastylis rossii and Bistorta bistortoides and the graminoids Deschampsia caespitosa and Kobresia myosuroides, were measured at intervals of 2-4 wk from 14 June (1 June for B. bistortoides), before onset of growth, until 1 October, after full senescence. Together, the four species represent ϳ56% of plant cover (A. rossii 11.9%, B. bistortoides 2.4%, D. caespitosa 18.5%, K. myosuroides 23.5%) in the moist meadow community (Theresa Theodose, University of Southern Maine, personal communication). The contribution of these species to community biomass may be higher than 56% because A. rossii and B. bistortoides have large belowground rhizomes and corms not found in other species present. Twelve replicate plant samples with intact root systems were collected on each sampling date. Acomastylis rossii forms large clones of many growing shoots interconnected below ground by a network of rhizomes. A replicate sample of A. rossii consisted of a growing shoot, the first 5 cm of rhizome associated with that shoot, and all roots associated with the rhizome. For B. bistortoides, a replicate sample was one plant. Both D. caespitosa and K. myosuroides grow in clonal bunches. A replicate sample was a sufficient number of ramets from one bunch to provide at least 0.1 g dry sample of both roots and shoots for analysis (ϳ12 ramets for D. caespitosa and ϳ30 ramets for K. myosuroides). Each plant was divided into shoot and root (including rhizome) tissues, and each individual shoot and root sample was analyzed for biomass and N concentration as described in Jaeger and Monson (1992) . Nitrogen pool sizes were obtained by multiplying the percentage of N in the tissue by the biomass. Shoot and root N pool sizes were summed to obtain a total plant N content. The timing of plant N uptake for each species was determined from the seasonal pattern of total plant N from the means of the 12 replicates. When total plant N increased significantly between two harvest dates, we attributed that increase to N uptake from the soil.
Soil mineral N availability.-Two techniques were used to estimate the temporal pattern of mineral N availability. Four 1-mo incubations starting at the beginning of June, July, August, and September 1991 were conducted in soils within 3 m of the locations for the plant harvests. First, net N mineralization was measured with an in situ soil core incubation method (DiStefano and Gholz 1986) using 10 replicates for each sampling period. For each replicate, two PVC tubes of 4 cm diameter and 10 cm depth were driven into the soil. The first tube was immediately removed and its contents were analyzed for gravimetric water and inorganic N content. Soil samples were extracted in 2 mol/L KCl and were analyzed for NO 3 Ϫ and NH 4 ϩ by flow injection analysis (FIA) (LACHAT Instruments, Mequon, Wisconsin, USA). The second tube was fitted with an ion exchange resin (J. T. Baker, mixed-bed exchange resins, IONAC NM-60 H ϩ /OH Ϫ ) bag leachate trap at the bottom of the tube and was returned to the soil for a 1-mo incubation, after which time the tube was retrieved and the soil was analyzed. The ion exchange resins bags were dried to facilitate removal of the ion exchange beads. The beads were extracted in 2 mol/L KCl and analyzed as previously described. Leachate N from the resin bags was added to soil N in the calculations. Net mineralization was calculated as the difference in NH 4 ϩ and in NO 3 Ϫ concentrations between the first and second soil cores.
The second method for determining mineral N availability used bags containing ion exchange resins to serve as an analog for the uptake of NO 3 Ϫ and NH 4 ϩ ions from the soil solution by plant roots (Binkley and Matson 1983) . We sewed 7 g wet mass of mixed-bed ion exchange resins into 6 ϫ 6 cm square bags of nylon stocking material. Seven replicate bags were inserted into the soil rooting zone in a slit that was cut with a trowel at a 45Њ angle. The bottom of the bags were ϳ8 cm deep in the soil. After a 1-mo incubation, the bags were retrieved and replaced with fresh ones. The resins were extracted and analyzed for NO 3 Ϫ and NH 4 ϩ as previously described. Nitrogen availability to plants was assumed to be the sum of the both N ions.
Microbial biomass N (MBN ).-The seasonal pattern of N in soil microbial biomass was determined monthly using a chloroform fumigation-direct extraction technique (Brookes et al. 1985) . Ten replicate soil samples were collected at the beginning of June, July, August, and September, and in mid-October 1991, in 5 cm diameter cores to a depth of 10 cm and refrigerated at 4ЊC until analyzed (within 24 h). Pairs of 25-g sub-samples were weighed for each replicate. One subsample from each pair was immediately extracted in 100 mL of 0.5 mol/L K 2 SO 4 . The other subsample was placed in a 75-mL Erlenmeyer flask within a vacuum desiccator and subjected to chloroform vapor. After 5 d of fumigation, the fumigated samples were extracted in 100 mL of 0.5 mol/L K 2 SO 4 . Both sets of extracts were subjected to a TKN digest and were analyzed for ammonium colorimetrically by FIA. Microbial biomass N (MBN) was estimated by subtracting the amount of N extracted before from the amount of N extracted after fumigation. A K N factor of 0.54 (Brookes et al. 1985) was used to convert the net flush of microbial N released by the technique to total biomass N. The MBN data were converted to grams of N per square meter by multiplying MBN per gram of soil times the soil bulk density (0.42 Mg/m 3 ) times the volume of 1 m 2 soil to a depth of 10 cm (1 ϫ 10 5 cm 3 ). Net immobilization of N into the microbial biomass pool was indicated by an increase in MBN over sampling intervals. This method does not assess the rate of N flow through the microbial pool. Plant and microbial 15 N uptake.-15 Nitrogen tracer studies were conducted in late June and early August 1991 to measure the potential for direct competition between plants and microbes for available N, and in early October to evaluate late-season microbial N uptake. We added 1 g of 99% enriched ( 15 NH 4 ) 2 SO 4 /m 2 in four replicate 1-m 2 plots, which resulted in an enrichment of 223 mg 15 N/m 2 . This enrichment was approximately equal to the existing soil NH 4 ϩ pool. The tracer was dissolved in H 2 O and was sprayed onto the plots, resulting in the addition of H 2 O equivalent to 5 mm of rain. The commonly used method of direct hypodermic injection of tracer into soil was not feasible in this study, because of the danger of injecting tracer directly into plant rhizomes and corms. Foliage was wetted before the application and rinsed afterwards with deionized H 2 O to prevent foliar absorption of the tracer. To check for foliar uptake, a composite foliage sample of A. rossii, the species most likely to retain foliar water (Monson et al. 1992) , was collected from all plots immediately after 15 N application. The sample showed normal ambient 15 N levels (0.3681 atom % 15 N). This technique assumes that there was no stratification of plant roots and soil microbial biomass in the upper layers of soil. Depending on the depth of soil wetted by the 15 N application, such stratification could favor uptake by one group over the other. We believe that plant root and microbial biomass density were both high in the upper layers of soil where the label was sprayed, and that the proliferation of old root channels in these soils (C.H. Jaeger, personal observation) ensured that the label did percolate into the soil.
After an assimilation period of 9 d on 20 June and 15 d on 13 August and 17 October, 6-8 replicate plants of the four test species were harvested from each plot. The different lengths of incubation periods were dictated by logistical constraints in the field. Root and shoot samples were dried, ground, and analyzed for 15 N content with an isotope ratio mass spectrometer at the University of California, Berkeley Soil Science Department, Berkeley, California, USA. Plant biomass was measured by harvesting aboveground plant material and belowground material to a depth of 10 cm in a 100-cm 2 plot, drying, and weighing.
15
Nitrogen uptake (mg 15 N/m 2 ) by plants was estimated based on the 15 N uptake by the four species studied, their contribution to total plant cover, and the total plant biomass.
Two soil samples were taken from each 100-cm 2 plot. The amount of 15 N immobilized by soil microbes during the tracer study was determined using the chloroform direct-extraction technique, followed by diffusion of the TKN extracts onto acidified paper disks (MacKown et al. 1987 ) and analysis by mass spectrometer. A K N factor of 0.54 (Brookes et al. 1985) was used to convert the microbial 15 N released by the technique to total microbial biomass 15 N (MB 15 N) and was converted to mg 15 N/m 2 as before. Abiotic soil factors.-Soil temperatures at 1 and 5 cm depths were measured one time each harvest day at ϳ1200, using thermocouple probes with a data logger (LI-COR Inc., Lincoln, Nebraska, USA). For each soil sample collected throughout the season, a 10-g subsample was weighed fresh, dried to constant mass at 90ЊC, and reweighed to determine gravimetric water content.
Statistical analysis.-The mean and standard error of the mean (SEM) were calculated and plotted for all data points. The results of month-long incubations (net N mineralization and resin bag adsorption) were plotted at the midpoint of each month. Data were tested for the assumption of normality. Non-normal data were log-transformed. Means were compared by one-way ANOVA. If means were significantly different at the P Ͻ 0.05 level, they were subjected to a multiple-range test (least significant difference, 95% confidence level). The ANOVA on resin bag data was conducted on the sum of both N ions for each date. Analyses were performed using Statgraphics software (1993; Manugistics Inc., Rockville, Maryland, USA).
RESULTS
Plant N dynamics.-Acomastylis rossii exhibited the highest biomass N content on the earliest sampling date in mid-June (15 mg N/stem) (Fig. 1) , followed by a decrease in July and August to a low of 5 mg N/stem. not significant at the P Ͻ 0.05 level). Nitrogen content decreased significantly after 1 August to 0.68 mg N/ramet on 1 October. Biomass of D. caespitosa increased from 14 June until 14 August. The total N content of Kobresia myosuroides increased from 0.20 mg N/ramet on 14 June to 0.55 mg N/ramet on 14 August. The N content decreased to 0.24 mg N/ramet by 1 October. Biomass in K. myosuroides followed the same pattern of change as N content. Thus, in all four species, there was no evidence of significant N uptake after 14 August, and in B. bistortoides and K. myosuroides, there was clear evidence that uptake occurred during the first half of the season.
Mineral N availability.-The lowest net N mineralization rate occurred in June (Fig 2a) , the first month after soil thawing (0.11 g N · m Ϫ2 · mo Ϫ1 ). The rate reached a peak of 0.54 g N · m Ϫ2 · mo Ϫ1 during August, and dropped to 0.30 g N · m Ϫ2 · mo Ϫ1 by 15 September. The pattern of N availability as measured by capture on ion exchange resins (Fig. 2b ) differed from that indicated by net N mineralization (from soil cores). The highest rate was reached in July, with 40.0 g NH 4 ϩ and 46.2 g NO 3 Ϫ per gram of resin. This was a month earlier than the highest net N mineralization rate. The lowest rates were in August (9.9 g NH 4 ϩ and 8.7 g NO 3 Ϫ resin) and September (9.1 g NH 4 ϩ and 7.9 g NO 3 Ϫ /g resin), whereas the lowest net N mineralization rate occurred in June.
Microbial biomass N.-On 1 June, the microbial biomass N was 9.5 g N/m 2 (Fig. 3a) . Microbial biomass trended slightly higher during the summer to 14.8 g N/m 2 soil on 1 September. By 14 October, the microbial biomass N increased significantly to 38.6 g N/m 2 . Immobilization of 15 N by soil microorganisms (Fig. 3b ) was directly proportional to microbial biomass N (Fig.  3a) .
Plant and microbial 15 N uptake.-The partitioning of 15 N-labeled NH 4 ϩ between plants and soil microorganisms in June and August is shown in Fig. 4 (Fig. 3) and assuming a microbial C:N ratio of 10:1, we estimated the total microbial biomass to be 100 g/m 2 for the June 15 N measurement and 130 g/m 2 for the August experiment.
Abiotic soil factors.-By mid-June, soil temperatures reached 13.4ЊC at 1 cm and 9.0ЊC at 5 cm depths (Fig. 5a ). The highest temperatures were 22.8ЊC on 1 October at 1 cm depth and 14.0ЊC at 5 cm depth on 1 August. Soil moisture was at its highest in June (64%), soon after snow melt (Fig. 5b) , dropped to 31% by the beginning of July, and remained near 30% for the remainder of the season. 
DISCUSSION
The hypothesis that microbes would assimilate sufficient mineral N to limit plant N uptake early in the season and that plants would assimilate N later in the season was not supported by the data. Plant N uptake was generally greatest during June and July, and for the graminoids, also in August. These trends were found in total plant N content and in plant 15 N uptake (Figs. 1, 4) . After August, senescence began and plant biomass and biomass N decreased. These results were consistent with a detailed analysis of N dynamics in Bistorta bistortoides showing that rapid early-season growth was supported both by stored N and by currentseason uptake (Jaeger and Monson 1992) . Conversely, net microbial N immobilization, as indicated by microbial biomass N and 15 N (Fig. 3) , was unchanged throughout June, July, and August, and then increased rapidly in September to a seasonal maximum in October.
One explanation for the offset in timing between plant and microbial N sequestration may be the differential effects of the alpine climate on plants and microorganisms. Perennial alpine plants may have an advantage in acquiring N early in the season because they overwinter with buds already formed and begin rapid growth as soon as soils thaw in spring, using stored nutrients as well as current-season N uptake (Jaeger and Monson 1992) . The ability of plants to store N gives them an important competitive advantage over soil microorganisms in sequestering N over the long term (Kaye and Hart 1997) . Many alpine species complete their phenological cycle and senesce even if temperatures and soil moisture would allow continued growth (C. H. Jaeger, personal observation). Presumably, this prevents freezing of maturing seeds and ensures retranslocation of shoot resources below ground before the likelihood of killing frosts increases late in the growing season. By senescing well before soils freeze, plants present soil microorganisms with a period of several weeks to approximately a month without plant N competition and with a supply of labile C from foliar leaching, root exudation, and fine-root turnover.
Soil microorganisms may not be able to compete for N early in the season because of low microbial biomass after the stress of freeze-thaw cycles during the previous fall, the hard winter freeze, and freeze-thaw cycles in the spring. Repeated freeze-thaw cycles have been shown to reduce bacterial populations in Alaskan tundra and taiga soils (Schimel and Clein 1996) . This effect is consistent with the seasonal variations in bac- terial population size observed by Mancinelli (1984) at Niwot Ridge. He reported relatively low numbers of bacteria early and increased numbers late in the season. Microbial biomass can increase when soil temperatures moderate, especially after plant senescence, when plant competition for N decreases and plant inputs of labile C increase. Such population changes are consistent with the pattern of low MBN early in the season and high MBN late in the season found in this study. A large pool of MBN at the end of the growing season, followed by microbial death from freeze-thaw cycles, could yield significant amounts of N for plant uptake in the spring.
The transfer of microbial N to plant available pools early in the season could occur in the form of amino acids. Raab et al. (1996) demonstrated direct uptake of glycine, glutamate, and proline by Kobresia myosuroides from the site. Likewise, Schimel and Chapin (1996) and Chapin et al. (1993) demonstrated amino acid uptake in Alaskan tundra sedges. If organic N were released from microbial biomass after spring thaw and were taken up by plants, it would not be detected by traditional measurements of N availability. The actual plant available pool of N would include the mineralized N reported in Fig. 2a and organic N from microbes.
The inability of soil microorganisms to sequester N early in the season could also result from bacterial grazers in the rhizosphere. Elliott et al. (1984) and Clarholm (1985a, b) proposed that plants increase their available N by stimulating bacterial growth and N mineralization in the rhizosphere with carbon from root exudates. Subsequent bacterial grazing by protozoa releases bacterial N into inorganic pools. This mechanism could explain increases in MBN later in the season, when drier soils would limit protozoal activity.
The difference in the seasonal patterns of N availability measured by the two different methods provides some evidence for a root influence on N cycling. Ion exchange resins placed in the live rooting zone of the soil showed N availability to be highest in July (Fig.  2b) , a time of high root activity. This technique is very sensitive to water movement through soils (Binkley 1984) . The high adsorption rate in July, compared to the other months, did not appear to be the result of unusually wet soils (Fig. 5b) or unusually heavy precipitation events during July (Niwot Ridge, LTER Climate Record). Nitrogen availability measured by net N mineralization (Fig. 2a) , measured in the absence of live roots, was highest during the month of August, a period of high soil temperature and moderate water content. Net N mineralization in these alpine soils has been shown to be strongly affected by soil moisture and temperature (Fisk and Schmidt 1995) . Thus, the rhizosphere effect on N mineralization may be as important as the effect of soil moisture and temperature in predicting rates of N cycling. If root influences on N cycling are significant, net N mineralization incubations conducted in the absence of live roots may underestimate the actual N cycling rates in this, and perhaps other, ecosystems. Fisk et al. (1998) have shown that at Niwot Ridge, plant N uptake was 4-7 times greater than could be accounted for by net N mineralization rates.
Some nitrogen transformations with a potential bearing on plant-microbe N competition were not monitored in this study. Microbial N transformations under the snowpack in the late fall, in winter, and in early spring would not have been detected by our schedule of measurements. Brooks et al. (1997) measured significant levels of heterotroph activity and CO 2 and N 2 O production in snow-covered soils at Niwot Ridge. Likewise, Clein and Schimel (1995) observed significant microbial activity in Alaskan tundra soils during winter. To our knowledge, little is known about plant activity under snow in arctic or alpine ecosystems during winter. The incubation periods in the 15 N experiments (9, 15 d) may have been long enough to allow some 15 N to cycle from the microbial biomass pool into the soil organic N pool. We did not measure the 15 N in the total organic N pool at the end of the tracer experiments. The difference in recovery rate in the combined plant and microbial biomass between June (83.0%) and August (34.5%) may have been due, in part, to in-CHARLES H. JAEGER III ET AL. creased incorporation of 15 N into soil organic matter in August as a result of the longer incubation period. Although we did not examine the role of mycorrhizal fungi in plant-microbe N competition, mycorrhizal colonization of roots in the forb Ranunculus adoneus has been positively correlated with plant N content at Niwot Ridge (Mullen et al. 1998 ). In the tracer experiments, any 15 N contained in mycorrhizal hyphae in the soil at harvest time was included in our microbial pool, making the estimates of plant 15 N assimilation conservative. The contribution of mycorrhizal fungal hyphae to the total microbial biomass at Niwot Ridge is not known.
We conclude that alpine plants are better able to acquire N in the face of potential microbial competition than would be predicted based on studies in other ecosystems. Plants acquired N as required for growth during the first half of the growing season, whereas microbes sequestered N only late in the season. The potential for microbial competition for N may have been limited by: (1) constraints on microbial growth from seasonal low temperatures and freeze-thaw cycles, and (2) influences of roots on N cycling by soil microorganisms. Our data suggest that the growing season is partitioned between plants and soil microorganisms, with plants exploiting N pools most effectively early in the season and soil microorganisms exploiting N pools in the period after plant senescence and before the winter freeze. The effect of this alternation may be to enhance N retention in this N-limited alpine ecosystem by ensuring that inorganic N is always sequestered into at least one of the biotic N pools when soils are not frozen.
